Abstract-
I. INTRODUCTION
The corrosion resistance of titanium can be improved by alloying with resistant metals. Zirconium [1] [2] [3] is a good alloying material for various applications because has excellent resistance in many severe corrosive environments. Zr and Ti have several properties in common: both are transition metals with similar outer shell valence electron structure; they are normally covered by thin, chemical stable TiO 2 and ZrO 2 surface oxides [2] . Zirconium is considered immune for human body and has a positive effect on the Manuscript received March 31, 2010. This work was supported by Romanian CNCSIS Program PCCE, project no. 248. The authors gratefully acknowledge this support.
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tissue-material interactions and a good response with the bone [3] .
Only few alloys of Ti with Zr were elaborated for implant use [1] [2] [3] . M. Karthega et al. [1] showed that Ti-29Nb-13Ta-4.6Zr alloy has a noble behaviour compared to Ti-Mo alloys. D. Caceras et al. [2] observed that the oxides formed by reaction with air at 760 0 C on surface of Ti-13Nb-13Zr, Ti-15Zr-4Nb and Ti-7Nb-6Al alloys increased their hardness and Young's modulus. Knowing that, in surgical applications, the pH can decrease from 5 till 2-3, since the hydrogen concentration increases in the traumatised tissue and also an inflammatory response can appear increasing the pH value till 9 [4] [5] [6] [7] , a Ringer solution with different pH values (3.36, 6.42, 8.91 ) was used in order to simulate these severe functional conditions. This paper studies the long term (3000 exposure hours) behaviour of a new implant Ti-6Al-4V-1Zr alloy un-covered and covered with hydroxyapatite (HA) or bovine serum albumin/hydroxyapatite (BSA/HA) in Ringer solution of different pH values for to reproduce the complex conditions from the human body.
II. PROCEDURES
Titanium and the new Ti-6Al-4V-1Zr alloy were obtained by vacuum melting. The new Ti-6Al-4V-1Zr alloy principally contains 7.12% aluminium, 3.92% vanadium, 1.07% zirconium and balance titanium.
These materials were studied as bare material and covered with layers of electrodeposited hydroxyapatite (HA) or bovine serum albumin/hydroxyapatite (BSA/HA). The bare electrodes were polished, fixed in a SternMakrides mount system, washed with bi-distilled water, degreased in boiling benzene and dried in air. The solutions used in experiments were Ringer of different pH values (2.5; 6.9; 8.9) for to reproduce the complex conditions from the human body. The composition was (g.l -1 ): NaCl -6.8; KCl -0. The possible open circuit potential gradients, ∆E oc (pH) that can appear due to the pH non-uniformity along the implant surface [10] [11] [12] were simulated and calculated:
III. RESULTS

A. Cyclic voltammetry in Ringer solutions
Cyclic voltammetry in Ringer solutions for the bare Ti-6Al-4V-1Zr alloy In Ringer solution of pH = 2.5, the cyclic polarisation curves (Fig. 1a) show a better behaviour of the alloy than of base metal, as follows: -corrosion potential (E corr ) of Ti-6Al-4V-1Zr alloy has more electropositive value than of Ti (Table I ) due to the galvanic couple effect of the alloying elements that shift this potential to nobler values; -passivation potential (E p ) of Ti-6Al-4V-1Zr alloy is moved in electronegative direction and the tendency to passivation (|E corr -E p |) is lower than of Ti, revealing an easier passivation for alloy due to the participation of the alloying elements with their protective oxides (TiO 2 ) to the formation of the passive layer [13, 14] ; -the dissolution current density in the passive state (i p ) (Table  I) is lower for Ti-6Al-4V-1Zr alloy than Ti, denoting a more resistant passive film as result of the beneficial influence of the alloying elements.
In neutral Ringer solution of pH = 6.9 (Fig. 1b) , the following behaviour was observed: -both Ti and Ti-6Al-4V-1Zr alloy present self passivation, good behaviour with very large passive potential range (ΔE p ), higher of +4 V (Table I) , limit value in our experiments; -Ti-6Al-4V-1Zr alloy exhibited nobler corrosion (E corr ) being the noblest value obtained in the studied Ringer solutions and more active passivation potentials (E p ) than base metal (Table I) , due to the same favourable contributions of the alloying elements; -tendency to passivation (|E corr -E p |) and passive current densities (i p ) have lower values for alloy than for Ti (Table I) , showing the formation of a more compact, resistant, stable passive film on the alloy surface. Fig. 1 . Cyclic potentiodynamic curves in Ringer solution of: a) pH = 2.5; b) pH = 6.9; c) pH = 8.9 Table I In alkaline Ringer solution of pH = 8.9, cyclic polarisation curves (Fig. 1c) revealed the superior behaviour of Ti-6Al-4V-1Zr alloy than of Ti: -more electropositive corrosion (E corr ) potentials and more electronegative passivation (E p ) potentials (Table I) (Table I) .
At all studied pH values, the reverse curves show lower current densities than the direct curves, proving a stable oxide film; also, the electrochemical parameters had better values for alloy than for the base metal demonstrating the beneficial effect of the alloying with Al, V and Zr.
Cyclic voltammetry in Ringer solutions for the
Ti-6Al-4V-1Zr alloy covered with hydroxyapatite (HA) or bovine serum albumin/hydroxyapatite (BSA/HA) Typical potentiodynamic polarization curves for Ti-6Al-4V-1Zr alloy covered with HA or BSA/HA in neutral Ringer solution (pH=6.9) are shown in Fig. 2 . It can be seen that the polarization curve for Ti-6Al-4V-1Zr alloy covered with BSA/HA had a higher corrosion potential (-195 mV) than for samples covered with HA (-305 mV). Also, samples covered with BSA/HA exhibited a lower tendency to passivation (|E corr -E p |) and passive current densities (i p ) than the samples covered with HA due to the more stable coating (Table I) . Both curves were characterized by very similar trend. 
B Corrosion rates and ion release rates in Ringer solutions
Corrosion rates and ion release rates in Ringer solutions for the bare Ti-6Al-4V-1Zr alloy The corrosion current densities (i corr ), corrosion rates (V corr ) and polarization resistances (R p ) of specimens, were determined from the polarization curves using Tafel extrapolation method. The corrosion rates (V corr ) have lower values for Ti-6Al-4V-1Zr alloy than Ti in the "Perfect Stable" and "Very Stable" resistance class (Table II) with the mention that the lowest value was registered in neutral Ringer solution, in which the alloy will work the most part of time. Correspondingly, the total quantity of ions released in the physiological solutions is very low for the new alloy. Polarisation resistance (R p ) is higher for Ti-6Al-4V-1Zr alloy than for base metal, revealing a more resistant passive film.
Corrosion rates and ion release rates in neutral Ringer solution for the Ti-6Al-4V-1Zr alloy covered with hydroxyapatite (HA) or bovine serum albumin/hydroxyapatite (BSA/HA) The alloy covered with BSA/HA exhibited lower corrosion rates than the alloy covered with HA, denoting the better efficiency of the BSA/HA coating (Table II) in neutral Ringer solution. The obtained polarization resistance (R p ) can be used to determine the porosity [15, 16] . According to the resulting R p value, it is marked that the advantageous effect of the porosity reduction occurred in the BSA/HA/Ti-6Al-4V-1Zr alloy samples. This was because BSA reduced the layer defect, forming a dense coating that possesses higher corrosion resistance.
Comparing with the un-covered alloy, lower corrosion rates were obtained for covered alloy, proving the very good protective properties both for HA and BSA/HA coatings.
C. Monitoring of the open circuit potentials (E oc ) in Ringer solutions
Monitoring of E oc for bare alloy in Ringer solutions In Ringer solution of pH = 2.5, the open circuit potentials both for Ti and bare Ti-6Al-4V-1Zr alloy (Fig. 3a) presented some oscillations at the beginning, probably that the passive layer gets disrupted and re-formed [17] . The general tendency is to ennoble, due to the increase of the passive film thickness [17] ; correspondingly, the corrosion rate decreased. In neutral Ringer solution of pH = 6.9, the open circuit potential values for bare Ti-6Al-4V-1Zr alloy (Fig. 3b) are more electropositive than of base metal due to the beneficial contribution of the alloying elements with their resistant oxides to the formation of the passive layer. In this pH and potential range, all constituent elements of the alloy are placed in the passive potential range on the Pourbaix diagrams [18] improving the resistance of the passive layer and proving a very good passive state for long term (3000 hours). After 1000 immersion hours, the open circuit potential values are very constant, stable, denoting a tenacious, stable, compact, barrier passive layer [17] . The oscillations that appeared in the first 1000 exposure hours denote some dissolution and repassivation processes.
In alkaline Ringer solution of pH = 8.9 (Fig. 3c) , the positions of Ti, Zr and V on Pourbaix diagrams [18] are in passive domain and of Al in corrosion state. Yet, the open circuit potential values for bare alloy (about -0.18 V) are nobler than for Ti (about -0.32 V) probably due to the higher positive influence of Ti, Zr and V and to the lower unfavourable influence of Al. For 1000-1500 immersion hours, the open circuit potentials show some variations, due to the same processes of disruption and reformation of their passive layer. After 1500 exposure hours, the open circuit potential values tend to a constant level, denoting a stabilization of alloy passive state [17] .
Monitoring of E oc for covered alloy with HA and BSA/HA in neutral Ringer solution The open circuit potential (E oc ) of samples covered with HA shifted toward active direction and reached a potential of -128 mV after 75 immersion minutes in neutral Ringer solution. This could be due to the dissolution of coating [15] .
Comparing with the HA/Ti-6Al-4V-1Zr alloy, the samples coated with BSA/HA showed an initial E oc of -25 mV, reached a steady state after 30 min and attained nobler potential of +52 mV, indicating a better passive state, a better corrosion behaviour and resistance than HA/Ti-6Al-4V-1Zr samples. 5 or lower, till 3) , because hydrogen concentration increases in the traumatized tissues [6] . Moreover, an inflammatory response can appear producing the increase of the pH value till 9 [7] . Also, differential aeration electrochemical cells can be formed and their function is controlled by the diffusion processes [6] . The implant alloys are used for long term (more 20 years) and in this period, it is possible that the value of pH to change along the implant surface [8] ; the local acidity (till pH ≈ 2) can be produced by the hydrolysis of the different oxides from passive film (TiO 2 , Al 2 O 3 , V 2 O 3 , V 2 O 5 , ZrO 2 ); local alkalinity (till pH ≈ 9) appears in the case of inflammations or in distress periods of the body. So, open circuit potentials will have various values on different zones of the implant, producing potential gradients ΔE oc . These potential gradients can generate galvanic corrosion and can accelerate the corrosion process [11, 12] . Open circuit potential gradients due to the pH non-uniformities ∆E oc (pH) were monitored for 3000 exposure hours (Table III) . These gradients presented low values, from 0.014 V to 0.305 V for Ti and from 0.018 V to 0.244 V for the new Ti-6Al-4V-1Zr alloy. These values cannot generate galvanic or local corrosion, because, only differences of 0.6 V -0.7 V can initiate and maintain such kinds of local corrosion [19, 20] . alloy attained nobler potentials, indicating a better corrosion resistance than of HA/Ti-6Al-4V-1Zr and bare alloy. 4. Open circuit potential gradients due to the pH non-uniformity of Ringer solutions presented low values that cannot generate galvanic or local corrosion.
